A transmissive, square-wave Ronchi phase grating has been fabricated from the dielectric polytetrafluoroethylene to diffract an~0.7 THz beam quasi-optically. When illuminated by a coherent, cw terahertz (THz) source, the spot separation of the AE1 diffractive orders and the diffraction efficiency were measured as a function of THz frequency and rotation angle. The grating performance depends sensitively on the refractive index, whose value can be measured with an accuracy limited by the fabrication precision. The use of these gratings for polarization-insensitive quasi-optical imaging and phased arrays is discussed. © 2010 Optical Society of America OCIS codes: 050.1950, 050.1970, 230.1950 Submillimeter wavelength terahertz (THz) radiation has shown great promise for applications including nondestructive testing and evaluation, collision avoidance radar, imaging through obscurants, and detection of chemical vapors. In spite of tremendous advances in THz sources and detectors, many techniques and components common to the millimeter wave and IR regions are only beginning to be developed for the THz region. Quasi-optical diffractive elements will be necessary for THz beam shaping, holography, imaging, and antenna design [1-8], but their performance will depend sensitively on poorly known THz dielectric refractive indices and fabrication precision [9] . Here we report the fabrication, demonstration, and performance analysis of a simple, square-wave, transmissive Ronchi phase grating [10] designed to generate the AE1 diffracted orders quasi-optically with maximum efficiency near 0:7 THz. We show how these gratings may be used to measure dielectric refractive indices accurately and discuss how they may illuminate objects efficiently for confocal imaging. The design and photograph of a binary square-wave Ronchi phase grating are shown in Figs. 
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The design and photograph of a binary square-wave Ronchi phase grating are shown in Figs. 1(a) and 1(b). Following the notation of Goodman [11] and assuming that the incident beam does not overlap the edges of the grating, the one-dimensional transmission function tðxÞ is
where 2b is the grating period. The phase difference φ introduced by the periodically varying depth of the grating is defined by
where n is the refractive index of the grating material, d is the depth of the grating, ν is the frequency of the THz beam, and c is the speed of light.
The diffraction efficiency η N , defined as the ratio of the power contained diffractive order N to the total transmitted power, is the square of the Fourier transform Tðf x Þ of tðxÞ [11] :
where f x ¼ N=2b. For the zeroth-order efficiency be 2b ¼ 9:96 AE 0:07 mm and d; m; ¼; 0; :; 57; 8AE; ; 0:; 0; 3; 1; ; ;; m; m;, respectively. Assuming a PTFE refractive index of 1:43 AE 0:02 [9] , Eq. (3) predicts the zero-order null at 0:604 THz.
Measurements to characterize the grating as a function of frequency and incidence angle used a coherent, cw solid-state oscillator tunable over 0:660-0:760 THz. It was composed of a Micro Lambda Wireless microwave synthesizer operating between 13.5 and 16:0 GHz and a Virginia Diodes, Inc. multiplier chain of four frequency doublers and one tripler (48×). Most of the frequencydependent variability of the THz output has been normalized out of the data. A Virginia Diodes, Inc. WR-1.2 0:6-0:9 THz Schottky diode detector with a 2 mm× 2 mm diamond-shaped input horn and a −3 dB full beamwidth of 10°was mounted on an X-Y translation stage. Two-dimensional spatial information was acquired by raster scanning the detector through the image plane at 0:5 mm × 0:5 mm pixel resolution [ Fig. 1(c) ]. The plano-convex lenses and Ronchi grating produce a diffraction-limited ∼5 mm diameter spot ∼328 mm after the diffraction grating.
The frequency dependence of the diffracted spot separation was measured by imaging the diffracted −1, 0, and þ1 orders [ Fig. 2(a) ]. For incident radiation of frequency ν, the grating equation
relates the exit angle to the incident angle and refractive indices before ðn 1 ; θ 1 Þ and after ðn 2 ; θ 2 Þ the grating [11] . For a grating in air (n 1 , n 2 ¼ 1) and a THz beam with normal incidence (θ 1 ¼ 0), Eq. (5) reduces to
The 10 mm × 43 mm raster scans confirm that the diffraction angle decreases as the frequency increases.
To account for the index and thickness of the grating substrate through which the diffracted beam passes, the measured spot separations are compared to the ZEMAX model [ Fig. 2(b) ]. Residual differences between data and model are most likely a result of small errors in distance measurements. The frequency dependence of the N ¼ 0, AE1-order diffraction efficiencies follow
Both efficiencies were measured every 1 GHz from 0.660 to 0.760 THz. To avoid the angular sensitivity of the detector, a least-squares fit of the on-axis, zero-order data to Eq. (7) obtains an estimate of n ¼ 1:4416 AE 0:0003 [ Fig. 3(a) ]. Using this index, Eqs. (7) and (8) predict a zero-order null at 0:588 THz and a first-order null
The dependence of diffraction efficiency on effective grating phase depth was measured by rotating the diffraction grating by angles ω ¼ 0°, AE15°, AE30°, and AE40°a round the x axis [ Fig. 1(a) ]. The resulting phase φðωÞ is
from which diffraction efficiencies can be calculated by substituting Eq. (9) into Eq. (3). To avoid the effects of rotational vignetting of the projected grating area, the ratio of the measured 0 and averaged AE1-order efficiencies were calculated and compared to theory [12] . The measured η 0 =η 1 are in good agreement with Eqs. (3) and (9) using d ¼ 0:578 mm, n ¼ 1:442, and ν ¼ 0:667 THz [ Fig. 3(b) ]. For a grating with φ ¼ π at frequency ν 0 , the sensitivity δν to uncertainties in index δn and depth δd can be derived from Eq. (7) as (3) and (9).
Thus, to fabricate a grating whose diffraction null is accurate to AE1 GHz, n and d values must be met to within 0.2% and 0.1%, respectively. The THz refractive index of a material is rarely known better than 1 part in 100 [9] . Since d was measured to better than 1 part in 300, the PTFE refractive index obtained here-using Eq. (7) and the data in Fig. 3(a) -is at least 2 times more accurate than that previously reported. The comparatively soft PTFE proved difficult to machine with a precision better than AE25 μm, producing an uncertainty of AE29 GHz at 667 GHz. The analysis suggests a Ronchi phase grating machined with AE1 μm precision can be used to measure the frequency dispersion of a dielectric's refractive index to 1 part in 1000. A promising, polarization-insensitive application of Ronchi phase gratings is for active THz imaging. Although single-detector active imaging systems obtain optimal signal-to-noise ratios (SNRs) in a confocal (transceiver) geometry, they are impractically slow. Detector arrays are faster, but they require detector calibration and normalization; plus, they require the object to be broadly illuminated, thereby wasting most of the photons from the already weak THz illumination source. An efficient, confocal-like arrangement is possible if gratings split the THz illumination into as many beams as there are detectors: each diffracted beam illuminates the conjugate spot on the object being imaged by its respective detector. For M detectors, M illumination spots can be produced in log 2 ðMÞ ranks by M − 1 cascaded Ronchi phase gratings at frequencies that produce two spots, providing a gain in SNR or acquisition speed by Mð2η AE1 Þ log 2 ðMÞ ¼ 4:25 times for M ¼ 8. Alternatively, only ðM − 1Þ=2 gratings in log 3 ðMÞ ranks are required at frequencies that produce three spots (−1, 0, 1) with η 0 ¼ η AE1 ¼ 28:8% efficiency each (φ ¼ 2π=3), so Mð3ηÞ log 3 ðMÞ ¼ 6:7 times for M ¼ 9. Each of these beams, identical in shape and irradiance, may also be used in the generation of a (steerable) phased array of coherent THz beams or for the flat-field calibration of a detector array.
